INTRODUCTION
Glaciologists have long recognized that ice shelves stabilize ice sheets by buttressing the outward fl ow of glaciers and ice streams fl owing into them. Hughes (1977) argued that the Pine Island and Thwaites glaciers (Antarctica) were particularly unstable because they punched through their ice shelves. Together, these two glaciers deliver to the sea nearly 30% of ice drainage from the West Antarctic Ice Sheet (Fig. 1) , so their rapid retreat could signifi cantly increase global sea-level rise (Rignot et al., 2008; Thomas et al., 2004) . Pine Island Glacier has been affected by rapid ice shelf thinning, negative mass balance, fl ow acceleration, and rapid grounding-line retreat in historical time (Rignot et al., 2002; Rignot, 1998; Wingham et al., 2009) . These changes are interpreted to be caused by melting of the ice shelf from underneath by impinging warm deep oceanic water (Jenkins et al., 2010; Shepherd et al., 2001) .
During the Last Glacial Maximum (LGM), Pine Island and Thwaites glaciers converged into a single ice stream that delivered a substantial fraction of the West Antarctica discharge through Pine Island Trough within Pine Island Bay (Graham et al., 2010; Lowe and Anderson, 2002) . During the 2009-2010 austral summer, Pine Island Bay was virtually ice free, allowing us to conduct detailed swath bathymetry mapping covering 4140 km 2 of central Pine Island Trough (Fig. 1 ). These new data provide images of the seafl oor with unprecedented resolution and show landforms that were produced as the ice sheet retreated from Pine Island Trough, including features that we argue formed from tidal motions of mega-icebergs produced during an episode of ice shelf break-up and rapid grounding line retreat.
DATA ACQUISITION
The swath bathymetric data were collected from Swedish icebreaker Oden during the expedition Oden Southern Ocean 0910 (OSO0910). Icebreaker Oden is equipped with a Kongsberg 12 kHz EM122 1° × 1° multibeam echo sounder. The multibeam system includes a Seatex Seapath 200 unit for integration of global positioning system navigation, heading, and attitude information. The motion sensor was a Seatex MRU5. The multibeam data were processed using Interactive Visualization Systems (IVS 3D) Fledermaus software and gridded to a horizontal resolution of 20 m × 20 m.
RESULTS
Our data reveal a range of geomorphic features including linear to curvilinear sets of furrows that are aligned parallel to the axis of the trough and have a spacing of 150 m to >500 m. These features occur within the relatively fl at fl oor of the trough at water depths between 690 and 710 m (Fig. 2) . Remarkably regular sets of ridges occur within the furrows and are oriented at close to right angles to them (Fig. 2) . These ridges range in height between 1 and 2 m from trough to crest. Crests are separated by ~60-200 m, with spacing generally decreasing progressively in a seaward as doi:10.1130/G32153.1 Geology, published online on 24 May 2011 direction (Fig. 3) . The extremely regular shape of the ridges may at fi rst suggest that they are processing or acoustic artifacts. However, they are not, because the orientations are consistent despite changes in the ship's heading. Sediment cores from these features are composed of poorly sorted glacial diamict and glacimarine sandy clays, indicating that they were not deposited by currents. We refer to these features as corrugation ridges and describe the furrows as corrugated furrows.
The corrugated furrows in Pine Island Bay are virtually identical to features previously imaged using side-scan sonar in the northeastern Weddell Sea (Barnes and Lien, 1988; Lien, 1981) and Ross Sea (Shipp et al., 1999) . In Pine Island Bay, where water depths decrease abruptly seaward, corrugated furrows terminate as individual iceberg furrows (Fig. 2) . In the Ross Sea, corrugated lineations also occur in a relatively fl at portion of the trough (water depths of 626-647 m), but the seafl oor rises seaward more gradually than in Pine Island Bay. There, corrugation ridges oriented roughly transverse to lineations transition seaward into ridges with more variable orientations (see the GSA Data Repository 1 ). Further seaward there are discrete corrugated furrows with more variable spacing and directions, even crosscutting one another (see the Data Repository). Side-scan sonar images from the Weddell Sea imply a similar transition in bedforms, although data coverage there is sparse (Barnes and Lien, 1988; Lien, 1981) . We also imaged corrugated furrows in the eastern Ross Sea during our transit to Pine Island Bay (see the Data Repository). Corrugated furrows have been imaged in several areas of the Antarctic continental shelf where highresolution seafl oor images have been acquired. Their pervasive occurrence suggests a common mechanism and explanation for their origin.
FORMATION MODEL
We considered several mechanisms for the formation of corrugation ridges (Table DR1 in the Data Repository). Because of their extreme regularity, we ruled out the possibility that they were recessional moraines formed at or close to the ice margin. This would require margin retreat 1 GSA Data Repository item 2011212, additional seafl oor images of glacigenic features from Pine Island Bay and the Ross Sea, a table of considered landforms and formation models for corrugation ridges, and 14 C dating results from Pine Island Bay, is available online at www.geosociety.org/pubs/ft2011.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. as (Hoppe, 1959; Lindén and Möller, 2005) , corrugation moraines (Shipp et al., 1999) , or transverse ridges (Dowdeswell et al., 2008b) , all of which have been interpreted as annual features (Table DR1 ). The main morphological difference between corrugation ridges and these annual moraines is that the latter are considerably more irregular in all aspects (e.g., spacing, amplitude, and continuity), and tend to be larger.
Another alternate mechanism we considered calls for squeezing of sediment into basal crevasses of a grounded ice mass (e.g., see Clark, 1993) . To date, there are no large-scale images of the base of an ice shelf, although autonomous underwater vehicle swath data suggest that undersides of ice shelves are highly irregular over stretches (Dowdeswell et al., 2008a) , and we are not aware of any theoretical studies that have inferred such widespread, regularly spaced crevasses beneath ice shelves. We have examined surface crevasses on modern ice shelves and ice streams, but our analysis has shown that surface crevasses are highly irregular compared to corrugation ridges. Physical understanding of fracture nucleation and propagation (Schulson, 2001 ) confi rms these observations. Dependence on grain size, as well as preexisting fl aws and other aspects of the ice inevitably include some random variation. Indeed, ridges known to have formed as basal crevasse fi lls exhibit notable irregularity (Mickelson and Berkson, 1974) . Because of the great water depth, rapid thinning would be required to allow the ice to fl oat free of its basal crevasse fi lls and drift away without disturbing them, and this seems unrealistic.
Several observations are relevant in examining the formation of the corrugated furrows in Pine Island Bay. First, they are confi ned to the relatively fl at portion of the trough. Second, they have fairly uniform spacing and consistent bends or kinks are repeated accurately from one to the next (Fig. 2B ). This implies formation by a relatively coherent but highly fractured (parallel to fl ow) mass of ice that extended across the deepest part of the trough, a minimum width of 14 km. The spacing of the lineations is similar in scale to megascale glacial lineations, so the two are probably genetically related. The seaward transition from parallel corrugated furrows to ones with more variable directions, specifi cally observed in the eastern Ross Sea, indicates a similar mechanism for the formation of the ridges, one that was active even after the larger ice mass broke up into icebergs that drifted randomly across the shelf.
The striking regularity of the corrugation ridges indicates a periodic forcing. We believe that tides provide the simplest and most obvious periodic forcing with suffi cient regularity and power at sub-Milankovitch frequencies. To test the tidal mechanism, we examined the possible infl uence of spring-neap versus diurnal tides in regulating the spacing and height of ridges using Padman et al.'s. (2002) tidal model (Fig. 3) . Consistent with the tidal model, quasi-periodic fl uctuations in ridge heights are observed, assuming that ridges are formed daily, with higher ridges forming roughly every two weeks (Fig. 3D) . Typical present-day tidal ranges under Antarctic ice shelves are ~1-2 m peak to peak, and 2-4 m at spring tides (Padman et al., 2002) . This is in close agreement with the measured range of ridge heights in Pine Island Bay (Fig. 3C) . No cyclical pattern is observed in the distance between ridges, but the spacing decreases progressively in a seaward direction, implying that ice drift rates decreased with time. This latter effect may refl ect a decrease in offshore winds and/or surface currents as the ice drifted seaward away from the ice sheet, combined with slowing of the drift as individual icebergs pushed against the bed, which rises in the direction of drift.
Given a tidal mechanism for corrugation ridge formation, the spacing of ridges implies 60-200 m of ice movement per day (Fig. 3B) , exceptionally fast for grounding-line retreat. Furthermore, grounding-line retreat does not explain the seaward transition into crosscutting iceberg furrows with similarly spaced ridges ( Fig. 2B ; see the Data Repository). Why would the grounding line retreat at about the same rate as iceberg drift rates? Rather, the rates are consistent with iceberg behavior. For example, the ice mélange in the fjord of Jakobshavn Glacier moves ~40 m/day between major calving events (Amundson et al., 2010) . The rates are an order of magnitude slower than the drift velocity achieved by the large iceberg B-9 calved from the Ross Ice Shelf (Keys et al., 1990) , but B-9 was not grounded during its drift, whereas the Pine Island Trough bergs must have been slowed by interaction with the bed.
We propose that the corrugated furrows are formed at the trailing edge of a large, coherent mass of ice that breaks off at the grounding line and drifts seaward, rhythmically settling to the seafl oor and squeezing sediments into ridges (corrugation ridges) that are preserved in the wake of the drifting icebergs (Fig. 4) . This model calls for a uniformly thick ice mass that is just thick enough to remain grounded on the gently upward sloping glacial trough. As the ice mass begins to break up, individual icebergs begin to shift, rotate, and fl oat away to produce corrugated iceberg furrows at their trailing edge. For the icebergs to remain upright they must be encased in a thick fl oating canopy of ice, most likely a thick armada of icebergs from a collapsing ice shelf, or else be much longer and wider than they are high. Unlike the disintegration of the Larsen B ice shelf, the evidence from Pine Island Trough suggests that a large segment of the ice shelf broke off at the grounding line and remained intact and in an upright position as it drifted seaward (Figs. 4B and 4C). The process continued until the deep keel of the collapsing ice shelf reached the outer, shallower margin of the trough, where it grounded and began breaking up to form iceberg plow ridges (Fig. 2) . The fi nal stage of breakup may have resembled the Larsen B breakup (MacAyeal et al., 2003) , with icebergs that were narrower than their depth capsizing and drifting freely from the trough. The breakout of the Pine Island ice shelf and associated grounding-line retreat occurred prior to ca. 12 ka based on radiocarbon ages from proximal glacimarine sediments above till within the trough and on a prominent grounding-zone wedge located landward of the trough (Table DR2) . This was a time of rapid sea-level rise (Fairbanks, 1989; Rabineau et al., 2006) , and a time of notable southern warming (e.g., Broecker et al., 2010) , and these likely initiated grounding-line instability and associated ice shelf disintegration. The modern grounding line is situated in an area of rugged bedrock topography, so sea-level rise is not considered to be a current threat to grounding-line stability, although warming may be (e.g., MacAyeal et al., 2003) . Our results indicate that massive breakout of ice shelves, extending all the way to the grounding line, has occurred in the past, and that this has important implications with regard to ice sheet behavior and sea-level history.
